The charmless bottom meson decays are systematically investigated based on an approximate six quark operator effective Hamiltonian from perturbative QCD. It is shown that within this framework the naive QCD factorization method provides a simple way to evaluate the hadronic matrix elements of two body mesonic decays.
treated. Such a simple framework allows us to make theoretical predictions for the decay amplitudes with reasonable input parameters. The resulting theoretical predictions for all the branching ratios and CP asymmetries in the charmless B 0 , B + , B s → ππ, πK, KK decays are found to be consistent with the current experimental data except for a few decay modes. The observed large branching ratio in B → π 0 π 0 decay remains a puzzle though the predicted branching ratio may be significantly improved by considering the large vertex corrections in the effective Wilson coefficients. More precise measurements of charmless bottom meson decays, especially on CP-violations in B → KK and B s → ππ, πK, KK decay modes, will provide a useful test and guide us to a better understanding on perturbative and nonperturbative QCD. puzzles [2, 3] . Theoretically, to predict consistently those decays, it needs to deal with the shortdistance contributions in a complete and systematic way from the high energy scale to a proper low energy scale at which the perturbative calculations remain reliable, and treat the long-distance contributions which contain the non-perturbative strong interactions involved in those decays. The main task is to reliably compute the hadronic matrix elements between the initial and final hadron states. Several novel methods based on the naive factorization approach (FA) and four quark operator effective Hamiltonian have been developed to evaluate the hadronic matrix elements, such as the QCD factorization approach (QCDF) [4] , the perturbation QCD method (pQCD) [5] , and the soft-collinear effective theory (SCET) [6] . These methods have been widely used in analyzing hadronic B-meson decays and made great progresses in understanding the hadronic structure and properties of strong interactions. To understand the puzzles whether they are due to the unknown new physics or it is because of the lack of our knowledge on the hadronic properties of strong interactions, it still needs to investigate further the various approaches within the framework of QCD and to check the validity of assumptions and approximations made in the practical calculations.
The widely used theoretical framework of weak decays is based on the current-current four fermion operator effective Hamiltonian derived via operator product expansion and renormalization group evolution. In hadronic weak decays, the short-distance contributions of QCD are characterized by the Wilson coefficient functions of four quark operators and the long-distance contributions are in principle obtained by evaluating the hadronic matrix elements of four quark operators. The Wilson coefficient functions are in general calculated by perturbative QCD which is well developed, while the evaluation of hadronic matrix elements remains a hard task as it involves non-perturbative effects of QCD. To deepen our insights into the hadronic decays, we shall first reinvestigate the four quark operator effective Hamiltonian whether it is always suitable as a basic framework for all hadronic weak decays. In fact, for the mesonic two body decays of B meson, it concerns three quark-antiquark pairs once each meson is regarded as the quark-antiquark bound state at the quark level structure.
This fact then naturally motivates us to consider six-quark operator effective Hamiltonian instead of four-quark operator effective Hamiltonian. Namely, we shall begin with six quark diagrams of weak decays with both W-boson exchange and gluon exchange, and derive formally the six-quark operator effective Hamiltonian based on operator product expansion and renormalization group evolution when including loop corrections of six quark diagrams. We shall show how this approach allows us to figure out what are the assumptions and approximations made in effective four quark operator approach, and how the simple QCD factorization scheme can reliably be applied to evaluate the hadronic matrix elements with the six quark operator effective Hamiltonian. For the infrared singularity caused by the gluon exchanging interaction when evaluating the hadronic matrix elements of effective six quark operators, it is shown to be simply treated by the introduction of a mass scale motivated from the gauge invariant loop regularization method [7] , where the energy scale µ g is introduced to play the role of infrared cut-off energy scale without violating gauge invariance.
The paper is organized as follows. In section II, after briefly reviewing the four quark operator effective Hamiltonian, we begin with the primary six quark diagrams with a single W-boson exchange and a single gluon exchange, and the corresponding initial six-quark operator. It is shown that a complete six quark operator effective Hamiltonian is in general necessary to include all contributions from both perturbative and non-perturbative QCD corrections, especially the non-pertubative QCD corrections at low energy scale µ < m c ∼ 1.5 GeV could be sizable. To demonstrate how the six quark operator effective Hamiltonian provides a reliable framework for hadronic two body decays of B meson, we will focus, as a good approximation, on the dominant QCD loop diagrams of six quarks so as to avoid the tedious calculations. In section III, it is demonstrated how the QCD factorization approach becomes a simple and natural tool to evaluate the hadronic matrix elements of mesonic two body decays based on the six quark operator effective Hamiltonian. In particular, the so-called factorizable and nonfactorizable, emission and annihilation diagram contributions are automatically the consequences of QCD factorization for the hadronic matrix elements of effective six quark operators. The treatment on the singularities caused by the gluon exchanging interactions and the on mass-shell fermion propagator is presented in Section IV. In Section V, all the amplitudes of charmless bottom meson decays are completely obtained by using the QCD factorization approach based on the approximate six quark operator effective Hamiltonian. Our numerical results with appropriate input parameters are presented in section VI, as a good approximation, the resulting predictions on branching ratios and CP violations of charmless bottom meson decays are much improved and also more closed to the current experimental data. The conclusions and remarks are given in last section. The detailed calculations involved in the evaluation of various decay amplitudes are presented in the Appendix.
II. EFFECTIVE HAMILTONIAN OF SIX QUARK OPERATORS

A. Four Quark Operator Effective Hamiltonian
Let us start from the four-quark effective operators in the effective weak Hamiltonian. The initial four quark operator due to weak interaction via W-boson exchange is given as follows for B decays
The complete set of four quark operators are obtained from QCD and QED corrections which contain the gluon exchange diagrams, strong penguin diagrams and electroweak penguin diagrams. The resulting effective Hamiltonian(for b → s transition) with four quark operators is known to be as follows
with λ s q = V qb V * qs and V ij the CKM matrix elements, C i (µ) the Wilson coefficient functions [8] and O i (µ) the four quark operators
Here the Fermi constant G F = 1.16639 × 10 −5 GeV −2 , and the color indices i, j, and the notations The resulting initial effective operators contain four terms corresponding to the four diagrams, respectively. In a good approximation, the four quarks via W-boson exchange can be regarded as a local four quark interaction at the energy scale much below the W-boson mass, while two QCD vertexes due to gluon exchange are at the independent space-time points, the resulting effective six quark operators are hence in general nonlocal. The six-quark operators corresponding to the four diagrams in Fig. 1 are found to be
where k and p correspond to the momenta of gluon and quark in their propagators. q 1 is usually set to be heavy quark like b quark. x 1 , x 2 and x 3 are space-time points corresponding to three vertexes. The color index is summed between q 1 , q 2 and q 3 , q 4 . Note that all the six quark operators are proportional to the QCD coupling constant α s due to gluon exchange. Thus the initial six quark operator is given by summing over the above four operators
Actually, the initial six quark operators O (6) q j (j = 1, 2, 3, 4) can be obtained from the following initial four quark operator via a single gluon exchange 
which can be regarded as an effective operator resulting from the corresponding initial four-quark operator with a single gluon exchange
with q = u, c. the remaining loop diagrams are regarded as type III in which one of the gluon exchanging vertexes touches to the internal quark/gluon line of loops (see Fig. 2c ). Note that in Fig. 2a and Fig. 2b we only plot, for an illustration, the six quark diagrams with a gluon exchanging between one of the four external quark lines of effective weak vertex and a spectator quark line, while for each of them, there are actually three additional different diagrams corresponding to other three choices of external quark lines, they are omitted just for simplicity.
To evaluate all the diagrams is a hard task, as a good approximation, we shall pay attention to the type I and type II diagrams. The type III diagrams are in general suppressed at the perturbative region with energy scale around m b as they involve more internal quark lines and contain no large logarithmic enhancements. From the evaluation of four quark operator effective Hamiltonian, it is known that when the energy scale runs via the renormalization group evolution from the high energy scale at µ ≃ m W to the low energy scale around µ ∼ m b , the loop corrections of type I diagrams should result in the six quark operators with all effective four quark operators and the corresponding
Wilson coefficient functions, meanwhile the loop corrections of type II diagrams will lead the strong coupling constant α s of the gluon exchanging interaction to run from high energy scale at m W to the low energy scale at µ. Thus, when ignoring the type III diagrams, we arrive at an approximate six quark operator effective Hamiltonian as follows
with the CKM factor λ
The dots represent other possible terms that have been neglected in our present considerations. O 
III. QCD FACTORIZATION BASED ON EFFECTIVE SIX QUARK OPERATORS
We shall apply the above effective Hamiltonian with six quark operators to the nonleptonic two body decays of bottom mesons. The evaluation of hadronic matrix elements is the most hard task in the calculations of the decay amplitudes. In this section, we are going to demonstrate how the factorization approach naturally works for evaluating the hadronic matrix elements of nonleptonic two body decays of B meson with six quark operators.
To be explicit, we here examine the hadronic matrix element of B → π 0 π 0 decay for a typical six (10) which is actually a part of the six quark operator O
in the effective Hamiltonian. Its hadronic matrix element for B → π 0 π 0 decay leads to the following most general terms in the QCD factorization
where 
with v = [9] up to twist-3. The definition of momentum for quarks and mesons is explicitly shown in Fig.5 . As a good approximation, both the light quarks and light mesons are taken to be massless, i.e., P 2 = 0.
It is interesting to note that the four amplitudes M O(i) LL (i = 1, 2, 3, 4) are corresponding to four diagrams (1)- (4) in Fig.3 . The first diagram is known as the factorizable one, the second is the nonfactorizable one and color suppressed. The third is the factorizable annihilation diagram and color suppressed, and the fourth is an annihilation diagram and its matrix element vanishes.
(1) After performing the integration over space-time and momentum, the above amplitude is simplified to be
with
where M It is known that the effective four quark vertexes concern three types of current-current interactions:
, thus each of the diagrams in Fig.4 actually contains three kinds of diagrams corresponding to three types of currentcurrent interactions. Therefore, there are totally 48 kinds of hadronic matrix elements involved in the QCD factorization approach, while it is easy to check that only half of them are independent with the following relations:
where T F Xa and T 
IV. TREATMENT OF SINGULARITIES
In the evaluation of hadronic matrix elements, there are two kinds of singularities, one is caused by the infrared divergence of gluon exchanging interaction, and the other arises from the on-mass shell divergence of internal quark propagator. As the quark propagator singularity is a physical-region singularity, one can simply add iǫ to the denominator of quark propagator and apply the Cutkosky rule [10] to avoid such a singularity. It then allows us to obtain the virtual part of amplitudes as the Cutkosky rule gives a compact expression for the discontinuity across the cut arising from a physical-region singularity. In general, a Feynman diagram will yield an imaginary part for the decay amplitudes when the virtual particles in the diagram become on mass-shell, and the resulting diagram can be considered as a genuine physical process. It is well-known that when applying the Cutkosky rule to deal with a physical-region singularity of all propagators, the following formula holds
which is known as the principal integration method. Where the first integration with the notation of capital letter P is the so-called principal integration.
For the infrared divergence of gluon exchanging interactions, only adding iǫ to the gluon propagator is not enough as such an infrared divergence is not a physical-region singularity, one cannot simply apply the Cutkosky rule. To regulate such an infrared divergence, we may apply the prescription used in the symmetry-preserving loop regularization [7] which allows us to introduce an intrinsic energy scale without destroying the non-abelian gauge invariance and translational invariance. The description of the loop regularization is simple: evaluating the Feynman integrals to an irreducible integrals, replacing the integration variable k 2 and integration measure
with conditions
where c N l are the coefficients determined by the above conditions. With a simple form for the regulator masses
which leads the regularized integrals to be independent of the regulators. Here the energy scale M 0 = µ g plays the role of infrared cut-off but preserving gauge symmetry and translational symmetry of original theory.
In the present case, there is no ultraviolet divergence for the integral over k as it is constrained by the finite momentum of hadrons, so all the terms with l = 0 in the summation over l vanish in the limit M R → ∞. As a consequence, it is equivalent to add an intrinsic regulator energy scale µ g in the denominator k 2 in Eq. (11), thus one can use the usual principal integration method to avoid such a singularity, i.e.,
With the above considerations, the singularities appearing in the integrations over k and p can simply be avoided by the following prescription
Note that as the gauge depending team k µ k ν can be transformed to the momentum p / on exterior line of spectator quark, they are all on mass shell in our present consideration (as defined in Fig.5 in the appendix), their contributions equal to zero, thus our results are gauge independent.
Applying this prescription to the amplitude illustrated in previous section, we have
V. AMPLITUDES OF CHARMLESS BOTTOM MESON DECAYS
With the above considerations and analyses, the QCD factorization approach enables us to evaluate all the hadronic matrix elements of nonleptonic two body decays of B meson based on the approximate six quark operator effective Hamiltonian. The amplitudes of charmless B meson decays can be expressed as follows:
for B → ππ decay amplitudes, and
for B → πK decay amplitudes, and
for B → KK decay amplitudes, and
for B s → ππ, πK, KK decay amplitudes. The eleven types of amplitudes
(M ), with M 1 M 2 = ππ, πK, Kπ, KK,KK are defined as follows
for the so-called emission diagrams, and When redefining the above amplitudes to the widely used diagrammatic amplitudes in the phenomenological analysis,
the decay amplitudes can be reexpressed in terms of the familiar forms in the diagrammatic decomposition approach
It is noticed that there is a slight difference to the usual diagrammatic decomposition approach with the extra contributions from the annihilation electro-weak diagrammatic amplitudes P
, which are actually small and neglected in the usual diagrammatic decomposition approach.
A similar redefinition can be made for B s decays,
Then the decay amplitudes can be reexpressed as follows
VI. NUMERICAL CALCULATIONS
We are now in the position to make numerical calculations.
A. Theoretical Input Parameters
The short distance contributions characterized by the Wilson coefficient functions for the effective four quark operators were calculated by several groups at the leading order(LO) and next-to-leading order(NLO) [11] , their values mainly depend on the choice for the running scale µ. In our numerical calculations, it is taken to be
The α s value in the six quark operator effective Hamiltonian is also taken at µ = (1.5 ± 0.1) GeV.
When considering the NLO Wilson coefficient functions and α s , one needs to include the magnetic penguin-like operator O 8g which is defined as [8] 
where i, j are the color indices. The magnetic-penguin contribution to the B → πK, ππ decays leads to the modification for the Wilson coefficients corresponding to the penguin operators,
with C eff 8g = C 8g + C 5 and |l 2 | = m 2 B /4. Where a 4,6 are known to be defined as a 4,6 = C 4,6 +
Nc which appear in the factorizable diagrams. Especially, for the infrared energy scale µ g introduced in this paper to regulate the infrared divergence of gluon exchanging interactions, we take the typical value of µ g to be a universal one around the hadronic bounding energy scale of non-perturbative QCD µ g = (400 ± 50)MeV.
To evaluate numerically the hadronic matrix elements of effective six quark operators based on the QCD factorization, it needs to know the twist wave functions of mesons. For the wave function of B meson, we take the following form [12] in our numerical calculations:
For the light meson wave functions, it needs to know the twist distribution amplitudes which contains the twist-2 pion (kaon) distribution amplitude φ π(K) , and the twist-3 ones φ p π(K) and φ T π(K) , they are parameterized as [13] :
In our numerical calculations, the shape parameters in the distribution amplitudes are taken the following typical values: where the shape parameters for the bottom mesons are taken from [12] , and other shape parameters are taken to fit the data. Since those shape parameters can vary by 100%, they agree with the ones in Refs. [13, 14] , All parameters for the light mesons are taken at the energy scale 1 GeV [15] , run to our calculation scale. Note that they may vary significantly when the scale runs to different values.
B. Numerical Results and Discussions
The numerical results for the CP averaged branching ratios and CP violations of charmless B meson decays are presented in Table I for B → ππ, πK decay channels and in Table II for B → KK channels.
In Table III, As shown in [13] , adding vertex corrections may improve the CP violation. The vertex corrections [16] were proposed to improve the scale dependence of Wilson coefficient functions. The ref. [16] has considered vertex corrections that only influence the Wilson coefficients of factorizable emission amplitudes. Those coefficients are always combined as C 2n−1 + C 2n
Nc and C 2n + C 2n−1 Nc and modified by
with M 2 being the meson emitted from the weak vertex. In the NDR scheme, V i (M ) are given by [16] 
, for i = 1 − 4, 9, 10 ,
is the twist-2/twist-3 meson distribution amplitudes defined in Eq. 14. The functions g(x)/h(x) used in the integration are: Nc are modified to be the effective ones:
Taking the value V 0 = 25, the resulting branching ratio for B → π 0 π 0 becomes consistent with the experimental data. Table IV -VI, which provides an alternative explanation to the puzzle of observed large branching ratio B → π 0 π 0 . For comparison, we also list in Table IV -VI the predicted results via the S4 scenario in QCDF [17] .
The method allows us to calculate the relevant transition form factors at maximal recoil (with NLO Wilson coefficients including magnetic penguin contribution), 
with input parameters µ g =400MeV, µ=1.5GeV, µ π =1.7GeV, µ K =1.8GeV.The first error arises from the range for µ g = 350 ∼ 450 MeV, the second error is caused by the running scale µ = 1.4 ∼ 1.6
GeV.
The resulting form factors agree with the ones obtained from the light-cone QCD sum rule of heavy quark effective field theory [18] To know the relative contributions from various diagrams and hadronic matrix elements of effective six quark operators, we present in the Table VII and Table VIII the numerical results for different kinds of topology amplitudes, the predictions for the strong phases are all relative to the leading order tree amplitude phase δ T ≃ 1.93 in B → ππ decay. It is interesting to see that the amplitudes from the annihilation diagrams are significant in comparison with the color suppressed emission diagrams.
The predictions of S π 0 K S in each method are almost the same and obviously larger than averaged data in PDG. But some new data in [20, 21] prefer a larger prediction.
VII. CONCLUSIONS
Based on the approximate six quark operator effective Hamiltonian derived from perturbative QCD, the QCD factorization approach has naturally been applied to evaluate the hadronic matrix elements for charmless two body decays of bottom mesons. The resulting predictions for the decay amplitudes, branching ratios, and CP asymmetries in B 0 , B + , B s → ππ, πK, KK decay channels have been found to be consistent with the current experimental measurements except for a few decay modes. µ g . In particular, it is found that such a scale takes a typical value µ g = (400 ± 50) MeV which is around the binding energy of hadron due to non-perturbative QCD effects.
We would like to point out that although the theoretical framework discussed above is a much though it is a challenging task. On the other hand, the precise measurements of charmless bottom meson decays, especially the measurements on CP-violations in B → KK and B s → ππ, πK, KK decays, will provide a useful test for various theoretical frameworks. It is expected that more and more precise experimental data in the future super B-factory and LHCb will guide us to arrive at a better understanding on perturbative and nonperturbative QCD. The factorizable emission contributions for the (S − P ) × (S + P ) effective four quark vertex are found to be 
